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E-mail addresses: dkniu@bnu.edu.cn, dengkeniu@hIn non-mammalian eukaryotes, an abnormally long 30 untranslated region (UTR) is generally
thought to be the deﬁnitive signal in the recognition of a premature termination codon (PTC) in
nonsense-mediated mRNA decay (NMD). However, because the lengths of 30 UTRs in normal mRNAs
are widely distributed, ‘‘abnormally long” is hard to deﬁne. Distinct peaks of nucleosome deposition
and DNAmethylation have recently been found at coding region boundaries. We propose that nucle-
osomes and DNAmethylation just upstream of a normal stop codon are ideal indicators for the posi-
tion of a normal stop codon and may thus serve as signals in PTC recognition.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Premature termination codon (PTC) recognition: a long 30 is an ideal signal for ‘‘close to the end of the coding sequence” in
untranslated region (UTR) is not enough
In a living cell, replication, DNA repair, transcription and splic-
ing are never 100% accurate. A certain fraction of erroneous mRNA
transcripts are inevitably produced. Eukaryotes have evolved mul-
tiple quality control systems to recognize and eliminate these tran-
scripts before they produce faulty proteins [1]. One of the most
extensively studied systems is nonsense-mediated mRNA decay
(NMD) [1–4], which recognizes and degrades transcripts that har-
bor PTCs. These aberrant mRNAs, if not degraded, will produce
truncated peptides, many of which often have dominant-negative
functions through competition with their full-length normal pro-
tein counterparts [5].
The ﬁrst step in NMD is distinguishing PTCs from normal stop
codons. Because the PTCs are also composed of normal nucleotides,
additional signals are required to identify them as premature.
In mammals, multiple proteins, known as the ‘‘exon–exon junc-
tion complex” (EJC), are deposited on the exon–exon boundaries of
mRNA transcripts during splicing. The EJCs provide natural mark-
ers for different positions in an mRNA transcript. Normal stop co-
dons are primarily located in the last exons [1]. Thus, the last
EJC, which would be just upstream of most normal stop codons,chemical Societies. Published by E
ecay; PTC, premature termi-
xon junction complex; DSE,
otmail.com (D.-K. Niu).mRNA transcripts. Nonsense codons that are located >55 nucleo-
tides upstream of the last exon–exon junction have been found
to elicit NMD in mammalian cells [1].
However, in the yeast Saccharomyces cerevisiae, most genes lack
introns. Thus, distinguishing PTCs from normal stop codons in
yeast would not involve EJCs. Similarly, PTC deﬁnition occurs inde-
pendently of exon–exon junctions in both Caenorhabditis elegans
and Drosophila melanogaster [6,7]. In these organisms, a PTC is gen-
erally believed to be deﬁned by its distance from the 30 end of the
mRNA (i.e., the length of the 30 UTR) [1,2,8].
The idea that abnormally long 30 UTRs act as the determining
factor of PTC recognition has a ﬂaw, especially for those organisms
that do not use EJCs as an essential enhancer. The lengths of 30
UTRs in normal mRNA transcripts are widely distributed in S. cere-
visiae, C. elegans and D. melanogaster (Fig. 1). In a yeast gene with a
short 30 UTR (e.g., 100 nucleotides), a PTC that is 80 nucleotides up-
stream of the normal stop codon results in an abnormal 30 UTR
with a length of just 180 nucleotides. Because this abnormal 30
UTR is shorter than approximately 50% of all normal 30 UTRs in
yeast, it could hardly be considered to be ‘‘abnormally long”. Even
considering the observation that the expression of some genes is
down-regulated by their long 30 UTR through NMD [8], it is still dif-
ﬁcult to imagine that a PTC is speciﬁed simply by the length of an
abnormal 30 UTR.
One possible solution of this problem is that the normal 30 UTRs
with different lengths, by altering the spatial conﬁguration, may
produce similar physical distances from the stop codons to the
poly(A) tails or their binding proteins. In recent years, accumulat-lsevier B.V. All rights reserved.
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Fig. 1. Length distribution of 30 UTRs in three non-mammalian eukaryotes. The data from S. cerevisiae were obtained from a previous publication [40], those from C. elegans
from WormBase (release WS211) and those from D. melanogaster from FlyBase (FlyBase r5.26).
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don and poly(A)-binding proteins (Pab1p and its ortholog PABPC1)
is a conserved determinant for PTC recognition in eukaryotic cells
[9–14]. However, there are also some yeast mRNAs whose NMD
processes do not require a poly(A) tail or its binding proteins
[15,16]. So, the story is not complete. There should exist additional
signals for PTC recognition. Here, we propose that nucleosome
deposition and DNA methylation just upstream of the normal stop
codon may serve as additional signals in PTC recognition.
2. Nucleosome deposition is versatile
In the nucleus of a eukaryotic cell, the DNA wraps around a cen-
tral core of eight histone proteins to form a subunit of chromatin
called a nucleosome. Nucleosomes are not just inert building
blocks of chromatin; for example, chemical modiﬁcations of his-
tones can regulate gene expression by changing the accessibility
of genes [17]. By analyzing nucleosome distribution across genes,
researchers have recently found that nucleosomes are strongly en-
riched on exons, especially those ﬂanked by long introns [18–24].
Thus, nucleosomes could serve as potential markers to distinguish
small exons from large introns during splicing. More strikingly,
nucleosome positioning has been reported to identify the position
of DNA replication origins in S. cerevisiae [25]. Previously identiﬁed
motifs have been shown to be insufﬁcient to account for the proper
recognition of both splice sites and DNA replication origins, and
nucleosome positioning ﬁlls this gap.
The versatility of nucleosome deposition suggests its possible
role in other processes in which the required signals have not yet
been fully revealed, such as PTC recognition in NMD of non-
mammalian eukaryotes, the recognition of different genes after
transcription of an operon in C. elegans and the recognition of
trans-splicing partners.
3. Nucleosome deposition and DNA methylation: ideal
indicators for the position of a normal stop codon
Could nucleosome deposition function in PTC recognition? A
PTC is an abnormal stop codon upstream of the normal stop codon.
Theoretically, the most robust way to distinguish a PTC from the
normal stop codon is to directly identify the exact position of the
normal stop codon and then determine whether the target stop co-
don is upstream of that position. If there is no inherently direct
indicator for determining the exact position of a normal stop co-
don, other indicators that closely ﬂank normal stop codons may
serve as appropriate substitutes. In mammals, the last EJC on an
mRNA transcript meets such a requirement and acts as the essen-
tial signal for PTC recognition. In non-mammalian eukaryotes, forthe nucleosome to act as a signal for PTC recognition it must be
preferentially deposited near the normal stop codon. Indeed, this
pattern has recently been reported.
Choi and co-workers [26] found that there are distinct peaks of
nucleosome deposition and DNA methylation at both ends of pro-
tein-coding sequences: one just downstream of the start codon and
the other just upstream of the stop codon. They also observed that
the peak near the stop codon is generally higher than that near the
start codon. Given that the nucleosomal peaks were observed in
humans, ﬂies and yeasts and the methylation peaks were observed
in humans, mice and rice [26,27], the nucleosomal/DNA methyla-
tion peaks near the coding boundaries appear to be conserved in
all of the major eukaryotic branches. Most recently, Chodavarapu
et al. found that nucleosomal DNA was more highly methylated
than ﬂanking DNA, which indicates that DNA methylation pattern
is determined by nucleosome positioning [28]. The nucleosomal
peaks and DNA methylation peaks near the coding boundaries
might be two sides of the same coin.
The inherent location of both the nucleosomes and the DNA
methylation just upstream of normal stop codons fulﬁlls the
requirements needed to act as signals in PTC recognition. Nucleo-
some deposition and/or DNAmethylation just upstream of the nor-
mal stop codon could likely elicit the recruitment of some special
protein components of mRNP during transcription. After being ex-
ported to cytoplasm with mRNA, these proteins would then indi-
cate the position of the normal stop codon during translation.
However, if the pioneer round of translation ﬁnishes before reach-
ing these proteins, the mRNA decay process would be activated. In
this hypothesis, nucleosome deposition and DNA methylation just
upstream of the normal stop codon serve as the indicators for the
position of the normal stop codon, and stop codons located away
from these epigenetic signals are recognized as PTCs.
4. Testing the hypothesis
Whether DNA sequence preference is the main determining fac-
tor of nucleosome deposition is still under debate [29,30]. Even if
DNA sequence preference contributes little to global nucleosome
deposition, it may still be the determining factor for nucleosome
deposition at speciﬁc sites, such as the coding region boundaries.
If our hypothesis is true, replacement of the nucleosome/
DNA-methylation-determining region by other sequences while
maintaining the position of the normal stop codon would cause
the normal mRNA transcript to become susceptible to NMD
(Fig. 2C). Furthermore, duplication of the nucleosome/DNA-meth-
ylation-determining region, normally located at the coding end,
in the region upstream of the PTC, would make the aberrant mRNA
transcripts immune to NMD, even though the length of the 30 UTR
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Fig. 2. Strategies to test the hypothesis presented in this paper. According to our hypothesis, nucleosome deposition and DNA methylation are markers of normal stop codon.
The fates of mRNAmolecules are determined by the relative positions between stop codons and nucleosome deposition and DNAmethylation. Our hypothesis could be tested
by analyzing whether its predictions are true. The darkness represents the density of nucleosome deposition and DNA methylation. (A) A normal gene with nucleosome
deposition and DNA methylation just downstream of the start codon and just upstream of the stop codon. Its mRNA molecules are immune to NMD process. (B) An aberrant
gene with a premature stop codon (PTC). Its mRNA molecules are natural targets of NMD. Our hypothesis predicts that the gene lacks nucleosome deposition and DNA
methylation near the PTC. (C) An aberrant gene with its nucleosome/DNA-methylation-determining sequence near the normal stop codon removed. Its normal stop codon is
recognized as a PTC during translation, and trigger NMD. (D) An aberrant gene with a PTC, but also nucleosome/DNA-methylation-determining sequence duplicated near the
PTC. The PTC is marked as a normal stop codon and thus does not trigger NMD. (E) If the nucleosome deposition and DNA methylation just downstream of the start codon and
those just upstream of the normal stop codon elicit similar proteins to mRNA molecules, a PTC in close proximity to the start codon would be mis-recognized as normal stop
codon and thus it does not trigger NMD.
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segments corresponding to the nucleosome/DNA-methylation-
determining DNA regions as potential ligands to isolate the
proteins that indicate the position of normal stop codon by RNA
afﬁnity chromatography [31]. Once the proteins are determined,
we could test the hypothesis by knocking out their genes and
checking how NMD process is affected.
Another way to test this hypothesis would be to analyze the
nucleosome/DNA methylation pattern of genes with multiple
alternatively spliced transcripts. Intron retention is a common
form of alternative splicing. Some of the alternatively spliced tran-
scripts resulting from splicing errors are targets of NMD [32,33],
while others are immune to NMD and are able to produce func-
tional proteins. For example, the rem1 gene in ﬁssion yeast has
two transcripts, one that is fully spliced and the other that retains
an intron and contains a PTC. Although truncated, the protein pro-
duced by the intron retention transcript is functional [34]. If our
hypothesis is correct, nucleosomes and DNA methylation signals
should be observed just upstream of any functional PTCs in a global
analysis of the nucleosome deposition and DNA methylation pat-
terns of alternatively spliced transcripts.
Previous observations that could not be explained by oldermod-
els of NMD have also suggested a means to test our hypothesis. Inthe traditional model of NMD, the relative position of the poly(A)
tail and its binding proteins to a PTC was the critical feature for
the deﬁnition of a PTC. In contrast, NMD in some yeast genes does
not require a poly(A) tail or its binding proteins [15,16]. According
to our hypothesis, there may be special epigenetic markers, such as
nucleosome deposition and/or DNA methylation, upstream of the
normal stop codon that help to deﬁne the PTC.5. Discussion
In 2004, Amrani et al. found that in yeast, ribosomes that
encountered PTCs dissociated from mRNA much less efﬁciently
than those that stalled at normal stop codons [9]. They proposed
the presence of a termination-stimulating signal near the normal
stop codon [9], but the nature of this signal has yet to be discov-
ered. Nucleosome deposition and DNA methylation at the 30 end
of the coding region might have initially evolved as epigenetic sig-
nals for the efﬁcient termination of the translation process and
were later recruited as signals for PTC recognition during the time
that NMD originated. The premise behind this idea is that histones
and DNAmethylation predate the appearance of NMD in evolution.
DNAmethylation occurs in many bacterial, archaeal and eukaryotic
3512 D.-K. Niu, J.-L. Cao / FEBS Letters 584 (2010) 3509–3512species [35], and histones have been identiﬁed in many archaeal
and all eukaryotic species [36]. It is reasonable to assume that
histones and methylation predate the origin of eukaryotes and
NMD.
Because both downstream sequence elements (DSE) and nucle-
osomes/DNA methylation reside within the normal translational
reading frame [1,37], whether they are two aspects of a single issue
or whether DSEs are just special motifs that guide nucleosome
deposition and DNA methylation just upstream of normal stop co-
dons should also be tested.
As epigenetic signals, the patterns of nucleosome deposition
and DNA methylation may vary with tissue type to some degree.
Thus, the recognition of PTCs would have tissue speciﬁcity, a phe-
nomenon that has already been observed [38]. As a result, some
alternatively spliced transcripts would either be degraded or pre-
served according to tissue type.
It has been revealed that PTCs, if in close proximity to the start
codon, could not efﬁciently trigger NMD [39]. In the frame work
of our hypothesis, the nucleosome deposition and DNAmethylation
just downstream of the start stop codon might elicit similar pro-
teins to mRNA molecules as those just upstream of the stop codon.
Consequently, the PTCs in close proximity to the start codon would
be mis-recognized as normal stop codons during translation
(Fig. 2E). Although this explanation is reasonable, we are inclined
to accept an alternate explanation that has some experimental sup-
ports: These PTCs has a very short physical distance to PABPC1 [13].
In short human genes (CDS < 1 kb), the nucleosomal/DNAmeth-
ylation peaks have been observed not at the 30 ends of coding se-
quences, but in the middle of genes [26]. Thus, the EJC is likely
more important than nucleosome deposition and DNAmethylation
for mammalian PTC recognition. Nucleosome deposition and DNA
methylation may be essential for PTC recognition in non-mamma-
lian eukaryotes. Even in non-mammalian eukaryotes, however, we
are inclined toward a conservative hypothesis – that the nucleo-
some deposition and DNA methylation just upstream of normal
stop codons participate in PTC recognition rather than act as an
exclusive signal.
Acknowledgments
We thank the anonymous reviewer for critical comments and
JM Logsdon, I Yanai, V Hryshkevich, C Lee, KD Makova and D Yang
for their kind helps. This study was supported by Program NCET-
07-0094 (Ministry of Education of China).
References
[1] Isken, O. and Maquat, L.E. (2007) Quality control of eukaryotic mRNA:
safeguarding cells from abnormal mRNA function. Genes Dev. 21, 1833–1856.
[2] Chang, Y.F., Imam, J.S. and Wilkinson, M.E. (2007) The nonsense-mediated
decay RNA surveillance pathway. Annu. Rev. Biochem. 76, 51–74.
[3] Rebbapragada, I. and Lykke-Andersen, J. (2009) Execution of nonsense-
mediated mRNA decay: what deﬁnes a substrate? Curr. Opin. Cell Biol. 21,
394–402.
[4] Silva, A.L. and Romao, L. (2009) The mammalian nonsense-mediated mRNA
decay pathway: to decay or not to decay! Which players make the decision?
FEBS Lett. 583, 499–505.
[5] Holbrook, J.A., Neu-Yilik, G., Hentze, M.W. and Kulozik, A.E. (2004) Nonsense-
mediated decay approaches the clinic. Nat. Genet. 36, 801–808.
[6] Gatﬁeld, D., Unterholzner, L., Ciccarelli, F.D., Bork, P. and Izaurralde, E. (2003)
Nonsense-mediated mRNA decay in Drosophila: at the intersection of the yeast
and mammalian pathways. EMBO J. 22, 3960–3970.
[7] Longman, D., Plasterk, R.H.A., Johnstone, I.L. and Caceres, J.F. (2007)
Mechanistic insights and identiﬁcation of two novel factors in the C. elegans
NMD pathway. Genes Dev. 21, 1075–1085.
[8] Kebaara, B.W. and Atkin, A.L. (2009) Long 30-UTRs target wild-type mRNAs for
nonsense-mediated mRNA decay in Saccharomyces cerevisiae. Nucleic Acids
Res. 37, 2771–2778.[9] Amrani, N., Ganesan, R., Kervestin, S., Mangus, D.A., Ghosh, S. and Jacobson, A.
(2004) A faux 30-UTR promotes aberrant termination and triggers nonsense-
mediated mRNA decay. Nature 432, 112–118.
[10] Eberle, A.B., Stalder, L., Mathys, H., Orozco, R.Z. and Muhlemann, O. (2008)
Posttranscriptional gene regulation by spatial rearrangement of the 30
untranslated region. PLoS Biol. 6, 849–859.
[11] Behm-Ansmant, I., Gatﬁeld, D., Rehwinkel, J., Hilgers, V. and Izaurralde, E.
(2007) A conserved role for cytoplasmic poly(A)-binding protein 1 (PABPC1) in
nonsense-mediated mRNA decay. EMBO J. 26, 1591–1601.
[12] Ivanov, P.V., Gehring, N.H., Kunz, J.B., Hentze, M.W. and Kulozik, A.E. (2008)
Interactions between UPF1, eRFs, PABP and the exon junction complex suggest
an integrated model for mammalian NMD pathways. EMBO J. 27, 736–747.
[13] Silva, A.L., Ribeiro, P., Inacio, A., Liebhaber, S.A. and Romao, L. (2008) Proximity
of the poly(A)-binding protein to a premature termination codon inhibits
mammalian nonsense-mediated mRNA decay. RNA 14, 563–576.
[14] Singh, G., Rebbapragada, I. and Lykke-Andersen, J. (2008) A competition
between stimulators and antagonists of Upf complex recruitment governs
human nonsense-mediated mRNA decay. PLoS Biol. 6, 860–871.
[15] Baker, K.E. and Parker, R. (2006) Conventional 30 end formation is not required
for NMD substrate recognition in Saccharomyces cerevisiae. RNA 12, 1441–
1445.
[16] Meaux, S., van Hoof, A. and Baker, K.E. (2008) Nonsense-mediated mRNA
decay in yeast does not require PAB1 or a Poly(A) tail. Mol. Cell 29, 134–140.
[17] Brown, T.A. (2007) Genomes 3, Garland Science Publishing, New York.
[18] Schwartz, S., Meshorer, E. and Ast, G. (2009) Chromatin organization marks
exon–intron structure. Nat. Struct. Mol. Biol. 16, 990–995.
[19] Tilgner, H., Nikolaou, C., Althammer, S., Sammeth, M., Beato, M., Valcarcel, J.
and Guigo, R. (2009) Nucleosome positioning as a determinant of exon
recognition. Nat. Struct. Mol. Biol. 16, 996–1001.
[20] Andersson, R., Enroth, S., Rada-Iglesias, A., Wadelius, C. and Komorowski, J.
(2009) Nucleosomes are well positioned in exons and carry characteristic
histone modiﬁcations. Genome Res. 19, 1732–1741.
[21] Spies, N., Nielsen, C.B., Padgett, R.A. and Burge, C.B. (2009) Biased chromatin
signatures around polyadenylation sites and exons. Mol. Cell 36, 245–254.
[22] Chen, W., Luo, L. and Zhang, L. (2010) The organization of nucleosomes around
splice sites. Nucleic Acids Res. 38, 2788–2798.
[23] Nahkuri, S., Taft, R.J. and Mattick, J.S. (2009) Nucleosomes are preferentially
positioned at exons in somatic and sperm cells. Cell Cycle 8, 3420–3424.
[24] Schwartz, S. and Ast, G. (2010) Chromatin density and splicing destiny: on the
cross-talk between chromatin structure and splicing. EMBO J. 29, 1629–1636.
[25] Eaton, M.L., Galani, K., Kang, S., Bell, S.P. and MacAlpine, D.M. (2010)
Conserved nucleosome positioning deﬁnes replication origins. Genes Dev.
24, 748–753.
[26] Choi, J., Bae, J.-B., Lyu, J., Kim, T.-Y. and Kim, Y.-J. (2009) Nucleosome
deposition and DNA methylation at coding region boundaries. Genome Biol.
10, R89.
[27] Li, X.Y. et al. (2008) High-resolution mapping of epigenetic modiﬁcations of
the rice genome uncovers interplay between DNA methylation, histone
methylation, and gene expression. Plant Cell 20, 259–276.
[28] Chodavarapu, R.K. et al. (2010) Relationship between nucleosome positioning
and DNA methylation. Nature 466, 388–392.
[29] Kaplan, N. et al. (2009) The DNA-encoded nucleosome organization of a
eukaryotic genome. Nature 458, 362–366.
[30] Stein, A., Takasuka, T.E. and Collings, C.K. (2010) Are nucleosome positions
in vivo primarily determined by histone-DNA sequence preferences? Nucleic
Acids Res. 38, 709–719.
[31] Sharma, S. (2008) in: RNA–Protein Interaction Protocols (Lin, R.-J., Ed.), vol.
488, pp. 1–8, Humana Press.
[32] Jaillon, O. et al. (2008) Translational control of intron splicing in eukaryotes.
Nature 451, 359–362.
[33] Sayani, S., Janis, M., Lee, C.Y., Toesca, I. and Chanfreau, G.F. (2008) Widespread
impact of nonsense-mediated mRNA decay on the yeast intronome. Mol. Cell
31, 360–370.
[34] Moldon, A., Malapeira, J., Gabrielli, N., Gogol, M., Gomez-Escoda, B., Ivanova, T.,
Seidel, C. and Ayte, J. (2008) Promoter-driven splicing regulation in ﬁssion
yeast. Nature 455, 997–1000.
[35] Laird, P.W. (2010) Principles and challenges of genome-wide DNAmethylation
analysis. Nat. Rev. Genet. 11, 191–203.
[36] Malik, H.S. and Henikoff, S. (2003) Phylogenomics of the nucleosome. Nat.
Struct. Biol. 10, 882–891.
[37] Zhang, S., Ruiz-Echevarria, M.J., Quan, Y. and Peltz, S.W. (1995) Identiﬁcation
and characterization of a sequence motif involved in nonsense-mediated
mRNA decay. Mol. Cell. Biol. 15, 2231–2244.
[38] Linde, L., Boelz, S., Neu-Yilik, G., Kulozik, A.E. and Kerem, B. (2007) The
efﬁciency of nonsense-mediated mRNA decay is an inherent character and
varies among different cells. Eur. J. Hum. Genet. 15, 1156–1162.
[39] Inacio, A. et al. (2004) Nonsense mutations in close proximity to the initiation
codon fail to trigger full nonsense-mediated mRNA decay. J. Biol. Chem. 279,
32170–32180.
[40] Yassour, M. et al. (2009) Ab initio construction of a eukaryotic transcriptome
by massively parallel mRNA sequencing. Proc. Natl. Acad. Sci. USA 106, 3264–
3269.
